Abstract: A continuous-wave 1.57 and 3.84 μm intracavity multiple optical parametric oscillator based on a single MgO:APLN crystal is reported for the first time. The synchronized dual-wavelength laser is obtained by using a folded-type double cavity, which consists of a 1064-nm resonator and a multiple optical parametric oscillator. With T = 10% at 1.47 and 3.3 μm output couplers, maximum output powers of 3.13 W at 1.57 μm and 0.85 W at 3.84 μm are obtained, corresponding to slope efficiencies of 6.8% and 1.9%, respectively. The power stabilities are better than 1.8% and 3% at the maximum output power in half an hour.
Introduction
The laser wavelengths operating at approximately 1.57 μm and 3.84 μm belong to the eye-safe wavebands and strong absorption wavebands of the mid-infrared detector, respectively. Owing to their several military applications such as military target range, military countermeasures, and remote monitoring of the special environment, the two-band laser sources have attracted much interest from researchers [1] - [4] . Quasi-phase matching (QPM) optical parametric oscillator (OPO) device with a periodically inverted structure of nonlinear coefficient can enable an efficient wavelength conversion at arbitrary wavelength in the transparent range of the QPM material [5] - [9] . In QPM, the accumulated phase mismatch is offset by modulating the second-order nonlinear coefficient (d 33 ) at a period that is twice the coherence length. Among the QPM materials, MgO-doped congruent lithium niobate (LN) shows relatively high nonlinearity (d 33 ∼ 25.2 pm/V@1.064 μm) with a wide transparency range (0.35-5 μm), good optical quality, and mechanical robustness. Owing to these advantages, using a periodically poled MgO:LN (MgO:PPLN) for QPM, various MgO:PPLNOPOs pumped by a conventional 1.064 μm laser source can be produced using 1.57 μm and 3.84 μm lasers, and proficient results can be obtained [10] - [13] . However, as the primary parametric process converts the pump wave (λ p ∼ 1.064 μm) to an idler wave (λ i ) and a resonant signal wave (λ s ), this nonlinear parametric generation essentially relies on energy conservation and momentum conservation, i.e., the 1.57 μm and 3.84 μm laser generation corresponding to two OPO processes, 1.064 μm → 3.3 μm + 1.57 μm and 1.064 μm → 3.84 μm + 1.47 μm, so that the use of single MgO:PPLN cannot simultaneously phase match both the 1.57 μm and 3.84 μm. The two wavelengths can be achieved by cascading two MgO:PPLN crystals inside to the OPO cavity for the two OPO processes [14] , [15] . However, high pump depletion in the first crystal, generating the first signal-idler pair, can deteriorate the quality of the pump beam available for the succeeding crystal. This affects the overall OPO performance in terms of the threshold and output power in the second signal-idler pair, thereby causing a low conversion efficiency in the two-step process, and the presence of the second crystal increases the system complexity.
In the previous work, we designed an aperiodically poled MgO:LN (MgO:APLN) domain structure for two-phase mismatch compensation for the 1.57 μm and 3.84 μm, and simultaneous high repetition rate pulse generation of dual wavelengths at 1.57 μm and 3.84 μm was obtained by using Q-switched 1.064 μm laser extra-cavity pumping [16] . For this extra-cavity structure, with more rugged structure, easier design, and freedom from relaxation oscillation, however, CW output power could reach multi watts, and pump depletion could exceed 90% when pumped sufficiently far above threshold. In addition, it has a lower efficiency owing to the fact that primary pump laser cannot be recycled. By exploiting the high circulating pump intensities, the intracavity pumping technique uniquely allows extension of the operation of CW OPO to miniature, low-threshold, high efficiency, and the stable operation can be achieved without the need for cavity-length control, which are not attainable with alternative external pumping technique. In this study, we report the synchronized generation of CW 1.57 μm and 3.84 μm intracavity multiple OPO based on the MgO:APLN crystal. Optimizing the intracavity structure and resonant wave output coupling, the maximum output powers at 1.57 μm and 3.84 μm are 3.13 W and 0.85 W, respectively. The corresponding slope efficiencies are 6.8% and 1.9%, with power stabilities better than 1.8% and 3%, respectively. To the best of our knowledge, this is the first time CW 1.57 μm and 3.84 μm wavelength laser operation has been achieved using a single crystal.
Experimental Setup
The experimental setup of the intra-cavity multiple OPO based on single MgO:APLN is shown schematically in Fig. 1 . The pumping source is a 808 nm laser diode (LD) array module of DILAS Corp. by fiber-coupled, which has a maximum power of 56 W at the output of a 400 μm 0.22 numerical aperture fiber. In our experiments, the a-cut adhesive-free bond composite Nd:YVO 4 crystal (3 × 3 × 24 mm 3 ) at 1.064 μm is used as the gain medium. It consists of three separate sections, i.e., a 16 mm 0.25% Nd 3+ -doped YVO 4 sandwiched by two 4 mm undoped YVO 4 and both ends of the crystal are antireflection (AR) coated at 808 and 1064 nm. In order to decrease the influence of the thermal effects, the crystal is wrapped with indium foil and mounted in a red copper holder cooled at 20°C by refrigerant water. The pump beam from the fiber is imaged into the gain medium with 1:1.5 ratio coupling lenses. M1 is a K9 plano mirror which is highly transmittance (HT) coated at 808 nm (T > 99%) and highly reflectance (HR) coated at 1064 nm (R > 99.9%). M2 is a CaF 2 concave mirror with 100 mm radius of concave (ROC), which is HR coated at 1064 nm (R > 99.9%) and HT coated at 1.5-1.7 μm and 3.7-4.2 μm (T > 97%). M2 constitutes the 1064 nm laser oscillating sub-cavity along with M1. The multiple OPO sub-cavity consists of M2, a CaF 2 plano mirror beam splitter (BS), which is HT coated at 1064 nm (T > 96%) on both sides and HR coated at 1.4-1.7 μm and 3.1-4.2 μm (R > 99.8% with 45°) on the right-hand side, and a CaF 2 concave mirror (ROC = 100 mm) M3, which is HR coated at 1064 nm, 1.4-1.7 μm, and 3.1-4.2 μm (R > 99.8%). To investigate the influence of multiple OPO resonant wave output coupling, output mirror M2, which is coated two different transmittances with HR and T = 10% for both of 1.4-1.5 μm and 3.1-3.4 μm. The entire double cavity shares a common M2 mirror and is separated by a BS.
A 5% MgO-doped APLN crystal with dimensions of 50 × 6 × 1 mm 3 , for which both the ends of the faces are AR coated at 1064 nm, 1.4-1.7 μm, and 3.3-4.2 μm, is applied as the nonlinear medium. We designed the MgO:APLN domain structure using the simulated annealing (SA) method [17] , [18] , which provides double reciprocal vectors to compensate for the phase mismatches for the 1.57 μm and 3.84 μm. Using the Sellmeier equation of Paul et al. [19] , we calculated the phase mismatches of k OPO1 = 0.2041 μm − 1@1.57 μm and k OPO2 = 0.2135 μm − 1@3.84 μm at room temperature. Considering the fabrication restraints, the MgO:APLN parameters are set as follows: the smallest unit of the domain is 5 μm, and the total length of the crystal is 50 mm. The optimal consecutive order of the domains is obtained by choosing the appropriate objective function in the SA method. From the fast Fourier transform of the final designed MgO:APLN domain structure shown in Fig. 2 , the Fourier coefficients related to the two OPO processes were obtained as 0.42 and 0.41, respectively. Higher and approximately equal Fourier coefficient for the two OPO processes, which can be improved the conversion efficiencies and made maximum to balance the gain of the two OPO processes. During the experiment, the MgO:APLN crystal is placed in a servo-controlled oven (HCP Corp.) whose temperature is kept working at room temperature with an accuracy of ±0.1 K.
Through a high precision-bounded stable cavity method [20] , the thermal focal length of the Nd:YVO 4 crystal is measured to be 155 mm under the maximum LD pump power. In order to maintain the thermal stability of the entire pump range and increase the 1064 nm laser pump intensities in the MgO:APLN crystal, a focusing lens F with a focal length of 150 mm utilized as an optical ballast can make the 1064 nm laser beam radius insensitive to thermal lens effects and focus the 1064 nm laser waist radius for the purpose of ensuring sufficient pump intensity. It is located close to the Nd:YVO 4 crystal. The 1064 nm laser oscillate sub-cavity length (M1-M2) is set to 195 mm, and the BS is placed 62 mm away from M1 (i.e., L1 = 62 mm, L2 = 133 mm). As a result, the 1064 nm TEM 00 mode laser beam radius in the Nd:YVO 4 crystal is 265 μm, which matched the 300 μm pump spot radius well. Meanwhile, the beam waist radius of the 1064 nm laser is narrowed to 104 μm and appeared at 89 mm from M2. A proficient spatial overlapping is achieved in both processes of the 1064 nm laser and multiple OPO, thus ensuring a high conversion efficiency. Simultaneously, the focusing parameters of the 1064 nm laser and multiple OPO resonant wave agreed well reducing the diffraction loss. The focusing parameters ξ = L /b, where L is the MgO:APLN crystal length, and b is the confocal parameters according to the following equations b = 2πnω 2 /λ. Here, n is the refractive index of the MgO:APLN crystal, ω is the laser beam waist radius, and λ is the wavelength of the laser. The multiple OPO sub-cavity length (M2-M3) is set to 178 mm, and BS is 45 mm away from M3 (i.e., L3 = 45 mm). In this case, ABCD beam transfer matrix is used to calculate the ray tracing in the entire cavity (M1-M2), and it is shown in Fig. 3 . The beam waist radii of the 1.47 μm and 3.3 μm resonant waves are narrowed to 124 μm and 184 μm, respectively, and both appeared at 89 mm from M2. Corresponding to the focusing parameters of the 1064 nm laser, 1.47 μm and 3.3 μm resonant wave are ξ 1064 nm = 0.3667, ξ 1.47 μm = 0.3675 and ξ 3.3 μm = 0.3769, respectively. Well mode matching is achieved in both processes of lasing and multiple parametric oscillation.
Results and Discussion
With this configuration, we first measure the total output power of this laser's operation at dual wavelengths by using output mirror M2 with HR and T = 10%. Fig. 4 shows the total output power (measured by a power meter: OPHIR F150A-BB-26-PPS) and corresponding optical-optical conversion efficiency as a function of LD pump power. As can be seen, the multiple OPO threshold (P MOPO th ) increases from 2.4 W with the HR output coupler to 3.9 W with T = 10%. When using the HR output coupler, a maximum output power of 3.47 W is obtained under LD pump power of 49 W (absorption efficiency ∼ 89%), corresponding to an optical-optical conversion efficiency of 7.1%. Using an output coupling of 10% compared with HR, the maximum output power increases to 3.98 W under the maximum LD pump power of 56 W, but the corresponding optical-optical conversion efficiency decreases from 7.6% with LD pump power of 49 W to 6.6%. It is worth pointing out that when the LD pump power is less than 49 W, both the output power increase rapidly as the LD pump power, the conversion efficiency are tending to maximize under LD pump power of 49 W, but when the LD pump power is higher than 49 W, both the output power started to deviate from the linear increase by contrast due to the serious thermal effect in the Nd:YVO 4 crystal. Moreover, in this range, which is the thermal stability of the pump, the output power and the corresponding optical-optical conversion efficiency increase rapidly with the increase in the threshold owing to higher resonant wave output coupling transmittance. According to the measured the total output power with different output coupling, the frequency down-conversion power of the 1064 nm parent laser is calculated using the relation P D C = (2P j /η j )/(λ p /λ j ) in [21] , where the factor of 2 accounts for the two-way propagation, and η is the 1.57 μm and 3.84 μm laser output coupling efficiency, as shown in Fig. 5 .
When using the HR output coupler, the down-conversion efficiency increases rapidly after exceeding a threshold of 2.4 W and reaches a maximum value of 93% under LD pump power of 13 W, and then gradually reduces to 71%. This process can be regarded as an energy back-flow at 1064 nm parent laser, which can be called back conversion. When it turns to the T = 10%, the maximum down-conversion efficiency is 89% under LD pump power of 42 W, and no obvious back conversion in the full range of LD pump power. According to the CW intra-cavity OPO theory [22] , the theoretical down-conversion efficiencies under different thresholds are calculated based on the measured 1064 nm parent laser threshold (P laser th ) of 0.71 W, respectively. The variation trend of measured values are basically consistent with that of theoretical values at HR and T = 10%, as shown in Fig. 5 , the two measured values lower than theoretical values owing to the degeneration of beam quality induced by thermal effect aggravation. Both theory simulation and experimental results show that increasing the multiple OPO threshold can suppress the back conversion. Such as increases the threshold power to 5.5 W in theoretical, which lead to less efficiency decline under high pump power.
Using a beam-splitting system with two split mirrors, one of split mirrors which is HT coated at 1.5-1.7 μm and 3.7-4.2 μm and HR coated at 1.4-1.5 μm and 3.1-3.4 μm with 45°, another which is HT coated at 3.1-4.2 μm and HR coated at 1.4-1.7 μm with 45°, we obtained the two synchronized output spectrums and individual output powers. Fig. 6 shows the measured output spectrums of dual-wavelength laser at the maximum output power with HR mirror as M2. The two peak wavelengths are located at 1570 nm (measured by a YOKOGAWA AQ6375 optical spectrum analyzer with a spectral range of 1.2-2.4 μm) and 3839.2 nm (measured by a ARCoptix FTIR-C-20-1203 infrared Fourier spectrometer with a spectral range of 2.5-12 μm), with the spectral linewidths of 2.5 nm and 7.1 nm, respectively. With the pump power increases from 20 W to 56 W, the 1.57 μm and 3.84 μm emission linewidths increase from 1.1 to 2.5 nm, 3.2 to 7.1 nm, respectively. There is an apparent increase in the spectral linewidth caused by high gain when increasing the pump power. Fig. 7 shows the output power of 1.57 μm and 3.84 μm lasers as a function of LD pump power for the two output coupler transmissions. As is shown in Fig. 7 , the 1.57 μm and 3.84 μm laser thresholds increase from 2.4 to 3.9 W and 2.7 to 4.5 W with the increasing of the resonant wave output coupler transmissions, and the laser output powers increase almost linearly with the pump powers. Using HR, the maximum output powers of 2.97 W at 1.57 μm and 0.5 W at 3.84 μm are obtained. With an output coupling of 10%, the maximum output powers of 3.13 W at 1.57 μm and 0.85 W at 3.84 μm are obtained, corresponding to slope efficiencies of 6.8% and 1.9%, respectively. In comparison to the HR, the output power and extraction efficiency can be further increased, especially at the 3.84 μm waveband, the improvement is more apparent. To take a comparison, the 1.57 μm and 3.84 μm output power corresponding down-conversion efficiencies has the same trendline of change when using HR output coupling. However, the 3.84 μm downconversion efficiencies with T = 10% kept rising and were shown to be different from the changing trends, which means that the multi-OPO with two pairs of parametric fields does not follow the cited steady-state power model, owing to the competition between the two OPOs gain, and are quite different with a common OPO with only one pair of signal and idler. Because the repressed of back conversion and the reduction of gain competition by increasing the transmittance of resonant wave, the Root Mean Square (RMS) fluctuation of the maximum output power with T = 10% are 1.8% at 1.57 μm and 3% at 3.84 μm, respectively, over 30 min under free-running conditions, as shown in Fig. 8 . They are much better than the 2.63% RMS fluctuation at 1.57 μm and 6.85% RMS fluctuation at 3.84 μm under using HR. In particular, the imbalance proportion of the output power at 1.57 μm and 3.84 μm as a result of the same transmittance of resonant waves at 3.3 μm and 1.47 μm needs to be further optimized in subsequent studies.
